SUMMARY: Forty-two bacteria-free cultures of pennate diatoms from fresh water or soil were tested for ability to grow heterotrophically with glucose as the sole carbon source. Thirteen of these isolates proved capable of growth under these conditions. They comprised seven isolates of NawicUlu pelliculosa, five of other Merent species of Nawieula, and one of Nitzschiu ( 3 ) fontiCola.
making daily cell counts. After the cells had been placed in the dark on a medium containing glycine and glucose, he observed three cells of NuviMlla perpzctPiUa to increase to nineteen in 6 days, and seven cells of Nitzschiu cbstedurn to increase to eighteen in 3 days. Later workers have been inclined to discredit Karsten's observations because he worked with impure cultures, and because he did not let his experiments run for a long enough period to establish conclusively that the organisms were capable of using an external substrate for growth. Karsten also reported that Nitzschia palea, unlike the diatoms previously mentioned, showed only an occasional cell division in darkness. He observed that eleven cells increased to fourteen cells in 2 days, and no further growth was noted after 10 days. Richter (1906) reported that pure cultures of Nuviczlla minzlsczlla showed no significant development after a month in the dark on a mixture of glycerol, asparagine and glucose, but considered that slight growth took place in his pure cultures of N. palea during the first day in darkness, in agreement with Karsten's observations on the same organism. Meinhold (1911) and Treboux (1905) were unsuccessful i n obtaining growth of diatoms in the dark.
Although he did not specifically attempt to obtain growth of N. palea in the dark, von Denffer (1947) observed that one cell division could occur in darkness when the cells were well filled with fatty reserves. Such cells were able to J . C. Lewin divide even in distilled water. On the other hand, fat-free cells, obtained by previous starvation in darkness for 8 days, were not capable of dividing in the dark even in the presence of organic nutrient. Von Denffer also observed that the reserves of fat were almost completely utilized in the course of the one cell-division in the dark, and was of opinion that the cell divisions reported for N. palea by Karsten and by Richter were also a result of utilization of intracellular fat. Barg (1948) , working with impure cultures of the colourless, and therefore heterotrophic, diatom, N. p t r i d a , noted by microscopic observation that glucose, glycerol, oleic acid, sucrose, or raffinose stimulated the production of oil droplets within the cells, but made no mention of any cell multiplication in the presence of these carbon sources. According to Pringsheim (1951) , only protein hydrolysates support growth of N. p t r i d a , whereas glucose and acetate when present by themselves are not utilized. Pringsheim (1951) , in noting that none of the coloured diatoms has been grown heterotrophically, stated that if such heterotrophic species exist they should be looked for among the small species of Naviczcla and Nitzschia often to be found in habitats rich in decaying organic matter. It is in fact among such diatoms that heterotrophic forms have been found in the present study. This paper deals with the successful heterotrophic cultivation of several small species of pennate diatoms, and a more intensive investigation made with Navicula pellidosa (Brdb.) Hilse.
EXPERIMENTAL

Methods
Medium.
In all cases the mineral medium used contained the following concentrations of salts : -PO, , 0.02 yo (w/v) ; MgSO, .7H20, 0.02 yo (w/v) ; Ca(NO,),.4€&0, 0.1 yo (w/v) in distilled water. Traces of By Mn, Zn, Cu, Mo, and Fey were added. Silicon was added as potassium silicate (' Solution silicate of potash', Eimer & Amend, New York) to establish a soluble silicon concentration of 1-5 mg. Si/l. before the addition of agar. 1*0% Bacto-Difco agar was used for the preparation of plates and slopes.
The organic compounds to be tested were incorporated in the above medium. Sterilization was usually carried out by autoclaving at 15 lb./sq.in. for 15 min. Seitz filtration was used for those compounds which decompose gn autoclaving.
Illuminutim. Petri plates or test tubes (sloped on racks) were placed under constant illumination of 225 ft.c. provided by ' Daylight ' fluorescent tubes.
Temperature. All cultures were grown a t 28O, Gas-phase. In those cases where a C02-f&e atmosphere was required the tubes were enclosed in a glass desiccator above 30 yo (w/v) KOH, the cover being sealed with Vaseline. General mmey Forty-two bacteria-free cultures of fresh-water diatoms were obtained in the following manner. Samples of water from ponds and ditches, and suspensions of soil, were streaked on agar plates containing only mineral supple-Heterotrophy in diatoms 307 ments, and were incubated under constant illumination. By the use of routine bacteriological streaking techniques a number of cultures of diatoms were isolated. Tests for the presence of bacteria were carried out by transfers into media containing glucose and Tryptone, and by microscopic examination. Each of these isolates was tested for its ability to grow in the dark on agar media containing minerals, supplemented with 0.5 % glucose. The results are summarized in Table 1 , and the heterotrophic species are illustrated in Plate 1. The seven isolates of Naviczlla pellimlosa were obtained from various localities : four from Connecticut garden soil, one from Connecticut pond water, one from a public fountain in Connecticut, and one from snow from Alaska. Although minor cultural differences between the various strains were observed, it is of interest that all the isolates of this species could grow in the dark on glucose. Since N . pelliculosa showed such good growth under these conditions, special attention was given to this species, and a more thorough investigation of heterotrophic growth was carried out with the isolate obtained from Clark's Pond near Mew Haven, Conn., U.S.A. &terotrophic nutrition of Navicula pelficdosa Szcrvey of organic carbon sources. The normal mode of nutrition of autotrophic algae is photosynthesis, i.e. the fixation of CO, using energy derived from light. Conditions for heterotrophy may be obtained in the laboratory by eliminating either light or CO, so that no photosynthesis can take place, and supplying an organic carbon source that the organism can use for growth. In order to determine what carbon sources might be utilized by N. pellimbsa for growth in the absence of light or CO,, a large number of organic compounds were tested individually. Each of these compounds was incorporated with minerals into agar slopes. Tubes so prepared were inoculated and then incubated (a) in air in light; (b) in air in darkness; and (c) in C0,-free air in light. Although one could not be certain that the KOH removed all traces of CO,, the supply of CO, was insufficient for photosynthesis, and no growth was ever obtained on mineral media under these conditions. Therefore, any carbon source which supported growth was effective at a CO, tension considerably below that 308 J . C. L&n necessary for photosynthesis. The compounds tested in such experiments are listed in the Appendix, with the concentrations employed and explanations where necessary.
Of the sixty compounds tested in this survey, only three were found to support heterotrophic growth of N . peUiculosa. Glucose was effective both in the dark, and in light in the absence of CO,. Glycerol or fructose supported growth in absence of CO, only in light; neither compound was utilized in the dark. The results are summarized in Table 2 . It is thus apparent that, although the organism normally grows photosynthetically, it can also grow on glucose in the complete absence of photosynthesis. For utilization of glycerol or fructose, light but not CO, is necessary; it cannot be stated definitely whether all photosynthetic processes are excluded in these last cases. -CO,) and in the dark, colorimetric determinations were made of the amount of pigment extractable from cells on the surface of each agar slope. For this purpose, 10 ml. acetone were used per tube, the extraction being carried out in darkness a t room temperature, with occasional shaking, for 1 hr. The extract was then decanted and its optical density determined by means of a Klett colorheter with a ruby glass filter no. 66. Six tubes of each glucose concentration were set up under each of the three conditions described on p. 307. On each day when growth was to be measured, one tube of each set was sacrificed for pigment determination. Care was taken in the preparation and inoculation of the slopes to insure maximum uniformity within the sets, in order to minimize the individual variation between tubes.
Growth of N. pelliclllosu in darkness on glucose, as measured by colorimetric determination of the pigment extracted, is given in Table 8 . It can be seen that as little as 0*0073~0 glucose was enough to support some growth of N . pelliculosa, but with increasing glucose concentration growth was increased.
A glucose concentration between 0.2 and 2.0 yo was apparently optimal for 85 days' growth in the dark. Fig. 1 (a, b, An attempt was made to obtain utilization of fructose in the dark by adding it in various concentrations to media containing o -o o 2~o glucose. It was thought that this small amount of glucose might act in a coupled reaction to provide energy for any initial phosphorylation which might be necessary before fructose oxidation could get under way. There was no growth over and above that supported by 0 -0 0 2~0 glucose alone at any of the fructose concentrations tested. It thus appears that light is essential for the heterotrophic utilization of fructose and glycerol by N. pellicdosa.
DISCUSSION
It is not surprising that certain species of chlorophyllous diatoms are able to grow heterotrophically. In any group of algae which occupy as wide a range of habitats as do the diatoms, there are almost certain to be those which can utilize organic carbon compounds of the environment for growth in darkness. However, since their rate of growth would probably be considerably slower than that of many obligate heterotrophs, such algae cannot readily be isolated by simple enrichment techniques, and facultative heterotrophy can only be demonstrated when pure cultures have been obtained (see Allen, 1952) .
Although an organism may possess the ability to metabolize an organic compound, it does not follow that the energy or the intermediates so produced would necessarily be available for growth. For instance, although N. p d icuZosa is unable to utilize lactic, acetic, pyruvic, citric, or succinic acid for heterotrophic growth, each of these substrates can stimulate respiration of this diatom when tested in Warburg manometric experiments (Lewin, unpublished). The organism can thus apparently metabolize such substrates but cannot utilize them for growth. The total free energy from oxidation of lactic acid is not markedly different from that liberated in glucose oxidation, yet lactic acid, unlike glucose, cannot serve as a substrate for growth in darkness. It would therefore seem that the critical factor here is not energy, * When a range of concentrations was tested only the extremes are given.
f The 0.5 yo and 0-02 76 concentrations were tested on Petri plates a t various pH levels using 'Penassay' $ Tested both in the presence and absence of 0.5% glycerol.
g Tested in the presence of 0.5 yo glycerol + 0.006 yo Tween 80.
11 Tested with 0-02570 Tween 80.
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